Crystallographic orientation relationships between intragranular ferrites, the MnSϩV(C, N) complex precipitates acting as ferrite nucleation sites, and austenite matrix were studied in Fe-Mn-C alloys by scanning electron and transmission electron microscopy. VC holds a cube-cube orientation relationship (͗001͘ g // ͗001͘ VC ) when it is formed directly within austenite grains in an Fe-12Mn-0.8C-0.3V alloy. When VC precipitates nucleate on incoherent MnS particles dispersed in austenite, there is no specific orientation relationship between the three phases. Intragranular ferrite idiomorphs nucleating on the MnSϩV(C, N) complex precipitate in austenite in Fe-1.5Mn-0.2C and Fe-2Mn-0.2C alloys often hold the Baker-Nutting orientation relationship ((001) a //(001) V(C, N) , [110] a //[100] V(C, N) ). Although several irrational ferrite/ V(C, N) orientation relationships were observed, misorientation for either low-index planes or directions are relatively small between ferrite and V(C, N) for those relationships. The orientation relationships between intragranular ferrite and austenite were estimated by examining the misorientations between the ferrite and the neighboring martensite lathes from the Kurdjumov-Sachs inter-variant relationships. There is no specific orientation relationship between the intragranular ferrite idiomorph and the austenite matrix because of the low-energy orientation relationships between ferrite and V(C, N).
Introduction
Intragranular ferrite nucleation on the inclusions and precipitates in austenite (fcc g) has been used to refine the microstructure of steels for structural use to improve the toughness in low carbon steels when the deformation of austenite matrix before transformation is hardly applicable 1) such as the heat affected zone formed in welding of structural steels. Among various kinds of inclusions and precipitates, a (MnSϩV(C, N)) complex precipitate is one of the most preferential nucleation sites of intragranular ferrite [2] [3] [4] [5] [6] and pearlite. 7) Since intragranular ferrite transformation is the nucleation at an austenite/precipitate interphase boundary, the energy balance of ferrite/precipitate/austenite interphase boundaries affects greatly the nucleation kinetics of intragranular ferrite. Thus, the crystallographic relationships between these phases are of great importance. Ishikawa et al. 2) reported that the presence of low energy ferrite/V(C, N) interface with the Baker-Nutting (B-N) orientation relationship ((001) a //(001) V(C, N) , [110] a // [100] V(C, N) ), 8) promotes intragranular ferrite transformation. However, the orientation relationships of intragranular ferrite or the precipitate phase with respect to their austenite matrices have not been examined. Only for Widmanstatten type intragranular ferrite (named 'acicular ferrite'), Yang and Bhadeshia 9) studied the ferrite/austenite orientation relationship although austenite matrix transformed to martensite during quenching. They showed that there are rational (near Kurdjumov-Sachs or Nishiyama-Wassermann) orientation relationship between acicular ferrites and the austenite. Recently, the orientation relationship between intragranular pearlite nucleated on incoherent MnSϩVC and austenite was studied in an Fe-12Mn-0.8C-0.3V alloy 7) of which austenite matrix can be retained at room temperature after quenching from the austenitizing and transformation temperatures. It was revealed, by electron backscatters diffraction pattern (EBSP) analysis, that there is no specific orientation relationship between the ferrite in intragranular pearlite and the austenite. The present authors recently made a preliminary report on the crystallography of intragranular ferrite formed on MnSϩV(C, N), mainly focusing on the austenite/ferrite orientation relationships. 6) However, there has not been any systematic study made on the complete crystallographic relationships between all the phases involved for intragranular ferrite transformation.
In the present study, the detail of multiphase relationship between ferrite, MnSϩV(C, N) complex precipitate and austenite is discussed based on the observation using scanning and transmission electron microcopy. Table 1 shows the chemical composition of the alloys used in the present study. In an Fe-20Cr-10Ni austenitic alloy which contains a small amount of Mn and S, MnS is fully dissolved in austenite by the solutionizing at 1 473 K and precipitate during aging at 1 273 K based on the calculation with the equation proposed by Turkdogan.
Experimental Procedure
10) The solution temperatures of MnS in austenite for the other three alloys are well above the melting temperature of austenite, and thus, MnS cannot be dissolved in austenite after solidification. In an Fe-12Mn-0.8C-0.3V austenitic alloy which was used in the study on intragranular pearlite transformation, 7) V(C, N) can be dissolved into austenite by solutionizing treatments at high temperatures and precipitate during aging at lower temperatures. Thus, in this alloy, the measurement of precipitate/austenite orientation relationship was made both for coherent VC which precipitate directly in austenite as well as incoherent MnSϩVC complex precipitate. The solution temperatures of V(C, N) were estimated from the Thermo-Calc calculation. The specimens were homogenized at 1 473 K for 86.4 ks, cold rolled by 70 % and solution treated at 1 473 K for 0.6 ks and water quenched to obtain austenite single-phase specimens. After this treatment, MnS becomes incoherent with respect to austenite matrix by austenite recrystallization. Subsequently, VC precipitation treatment was performed at 1 173 K for various periods of time, followed by water quenching. Fe-1.5Mn-0.2C and Fe-2Mn-0.2C alloys, both with small addition of S, V and N, were used to study the intragranular ferrite transformation kinetics. 4, 5) The composition of the Fe-1.5Mn-0.2C alloy is close to that of the structural steel used by Ishikawa et al. 2) for the amount of S, V and N. The austenitizing was made at 1 473 K for 0.6 ks after homogenizing hot-rolled plates at 1 473 K for 43.2 ks. After austenitizing at 1 473 K, the precipitation treatments of V(C, N) at 1 173 K for 3.6 ks were performed, followed by isothermal holding in the temperature range between 973 and 953 K to promote proeutectoid ferrite transformation.
Microstructures of the transformed specimens were observed by means of optical, scanning and transmission electron microscopes (SEM and TEM, respectively). As an etchant for optical and SEM observation, 5 % nital was used. TEM thin foil specimens, 3 mm in diameter, were prepared by mechanical thinning followed by Argon ion thinning. Conventional TEM observation was performed by using Joel JEM-200CX, Philips CM200 and CM200FEG operated at 200 kV. TEM-EDS (Energy Dispersive X-ray Spectroscopy) analysis was performed for the identification of precipitate phases. High-resolution TEM (HREM) observation of B1-type precipitates (VC and MnS) were performed by using Jeol JEM-4000EX operated at 400 kV. The orientation relationships between intragranular ferrites formed in a single austenite grain of the Fe-(1.5 or 2)Mn-0.2C alloys were examined by means of electron backscatters diffraction (EBSD) in scanning electron microscopy (SEM). For this analysis, SEM (a Hitachi S3100H) with the TSL Orientation Imaging Microscopy (OIM) system was utilized. The orientation relationship between MnSϩV(C, N) complex precipitate and austenite matrix in the Fe-12Mn-0.8C-0.3V alloy and those between intragranular ferrites, precipitates and the surrounding martensite lathes formed in the same austenite grain of the Fe-2Mn-0.2C alloy was analyzed by means of convergent beam Kikuchi diffraction (CBKD) in transmission electron microcopy (TEM). The analysis of CBKD patterns was performed with the software for semi-automatic orientation determination.
11)

Estimation of Ferrite/Austenite Orientation Relationship
In the present section, the misorientation between intragranular ferrite and austenite in the Fe-(1.5 or 2)Mn-0.2C alloys was estimated by analyzing the relationship between ferrite and adjacent lath martensite which is transformed from austenite by quenching.
The orientation relationship between martensite laths and the austenite matrix is nearly the Kurdjumov-Sachs relationship; (111) Table 2 . The misorientation of each variant pair can be uniquely determined. 12 ) Figure 1 shows the [001] bcc stereographic projection on which cube axes of all the variants are plotted by taking the variant 1 in Table 2 as the reference. Whether ferrite has the near K-S orientation relationship with the austenite matrix can be known by the comparison of ferrite/ferrite or ferrite/martensite orientation relationship measured experimentally with this plot. Actually, it is necessary to make the comparison for 24 different plots by changing the standard variant and the indices of its cube axes. To estimate the misorientation from the inter-variant relationship, the orientation matrix denoted as M was determined from the Euler angles (Bunge's notation) obtained by indexing the EBSP or Kikuchi pattern based on the following equations 13) :
The misorientation matrix between the crystal 2 and the crystal 1 is represented as follows:
where M 1 and M 2 are the orientation matrices for the crystals 1 and 2, respectively. The measured misorientation (A meas ) and the inter-variant misorientation calculated (A calc ) are compared and then, the deviation of the measured one from the calculated one (D) is derived as:
This matrix describes another kind of rotation, and the rotation angle deduced from the components of D represents the deviation of the observed orientation relationship from the K-S inter-variant relationship. The same procedure was used in the previous preliminary study. 6) 4. Results
Crystallography of B1-type Precipitate Formed in
Austenite (1) VC and MnS Directly Precipitated in Austenite 14) Figure 2 shows the TEM micrograph of the VC particles precipitated during aging at 1 173 K in Fe-12Mn-0.8C-0.3V. These precipitates, formed preferentially on dislocations in the austenite matrix(g), exhibit the strain contrast characteristic to coherent precipitates. This indicates that the misfit strain of the VC precipitate in the austenite is not fully accommodated. The diameter of precipitate, estimated from the length of the line with zero-strain contrast in the two-beam diffracting conditions, varies in the range of 10 to 50 nm. Table 2 is taken as the reference). it was revealed that the facet plane is parallel to ͕111͖ g //͕111͖ VC . Thus, it is concluded that the morphology of VC is an octahedron enclosed with the ͕111͖ g facets in the early stage of aging at 1 173 K as schematically described in Fig. 3 (b). It was found that ͕001͖ g //͕001͖ VC facet appears when aging is prolonged, resulting in the transition of morphology to tetra-kai-decahedron. 17) Fig. 3 (c) is a HREM micrograph of the ͕111͖ g //͕111͖ VC facet. It is noted that the boundary contains misfit dislocations, ϳ2 nm apart, as indicated by the arrows on the micrograph. In the preliminary study, 14) TiC formed in the austenite also exhibited a similar crystallographic feature to VC. (Fig. 5(a) ), atomic planes are perfectly continuous, implying that this interface is nearly coherent. On the other hand, the coherency of (100) g side facets (Fig. 5(b) Since VC grows only into austenite, it is usually considered that VC should hold a low-energy orientation relationship with respect to austenite. In Fig. 6 , however, VC precipitates nucleated on the incoherent MnS particles in austenite have various orientation relationships with respect to both of the austenite matrix and MnS. Each of the VC/austenite orientation relationship is not the cube-cube one. Furthermore, the habit plane of VC is different from the ͕111͖ g and varies for each complex precipitate depending on the VC/austenite orientation relationships. For example, in Fig. 6(a) , the planer VC/austenite facet corresponds to ͕112͖ g . The reason for such an irrational crystallography of VC with respect to the austenite matrix is not clear. This result implies that the complex precipitation on the incoherent inclusion does not have a specific crystallographic feature usually expected for intragranular precipitation. In such a case, the precipitate/austenite interphase boundary should have a less coherent structure than the boundary formed in the ordinary precipitation.
Crystallography of Intragranular Ferrite Formed
on MnS؉V(C, N) Complex Precipitate in Austenite Figure 7(a) shows the optical microstructures of the Fe-1.5Mn-0.2C alloy transformed at 973 K for 240 s followed by water quenching. Many intragranular ferrite idiomorphs are seen as schematically described in white in Fig. 7(b) . Some of intragranular ferrite might consist of several ferrite crystals (for example, Nos. 1 and 2) because there can be multiple V(C, N) precipitates acting as ferrite nucleation sites on a single MnS particles. The stereographic projections in Fig. 8 shows the relative orientation relationships between the eleven ferrites numbered in Fig. 7(b) , whose ͗001͘ axes are represented as solid squares. The open circles in the each projection represent the arrangement of the ͗001͘ axes for the K-S variants shown in Fig. 1 . In Fig. 8 , six plots are shown as examples. By rotating each projection by 90, 180 and 270 degrees, 24 different plots in total can be obtained. When the comparison between the observed relationship and all the possible K-S intervariant relationships is made, there is no reasonable matching between the ͗001͘ axes observed for the ferrites and those of K-S variants. This indicates that the intragranular ferrites in Fig. 7 do not have near K-S relationships with respect to the austenite matrix. Table 3 shows the relationships between the intragranular ferrite No. 1 and the other ferrites in Fig. 7 . The angular deviations from the K-S intervariant relationship are larger than 5 degrees in most cases. Thus, near K-S relationships are not generally held between the intragranular ferrite idiomorphs and austenite.
In order to examine the correlation of the ferrite/austenite relationship and the ferrite/V(C, N) relationships, the orientation relationship between ferrite, precipitate and martensite was measured by CBKD analysis in the Fe-2Mn-0.2C alloy. The specimen was transformed at 953 K for only short periods (0.6 ks) to ensure that orientation measurement is made only for the ferrite idiomorphs directly nucleated at the V(C, N)/austenite interface. The TEM micrograph of Fig. 9(a) shows an intragranular ferrite nucleated at MnSϩV(C, N) complex precipitates. The selected area diffraction pattern of Fig. 9 orientation relationships determined by TEM for the intragranular ferrite idiomorphs formed at MnSϩV(C, N). Four of those idiomorphic ferrites examined nearly hold the B-N relationship with respect to V(C, N). Although the other five cases apparently do not hold such a specific orientation relationship, low-indexed planes or directions between the two phases are misoriented by rather small angles as shown in Table 4 . This indicates that intragranular ferrite idiomorphs prefer to hold some low-energy orientation relationships with respect to the V(C, N) on which they nucleated. The TEM micrograph of Fig. 11(a) shows another exam- Fig. 7 ('large' means that the deviation angle is larger than 10 degrees). The relationships between the three martensite lathes, M 1 , M 2 and M 3 , nearly coincide with the K-S intervariant relationships. On the other hand, the orientation of the ferrites a 1 and a 2 from the nearest K-S variant is as large as 9.5 degrees. Table 5 summarizes the orientation relationship between the intragranular ferrite and its neighboring martensite laths determined by TEM-CBKD analysis. Five ferrite idiomorphs nucleated at the MnSϩV(C, N) complex precipitates were examined. Ferrite/martensite orientation relationships mostly deviate from the K-S one by 10 degrees or even more regardless of the ferrite/V(C, N) orientation relationship. It is clear that an exact B-N relationship is not always necessary to achieve the non-specific relationship between intragranular ferrite and austenite observed.
Discussion
Crystallography of B1-type Precipitates in Austenite and Ferrite
The present study shows that the crystallographic feature of B1-type precipitate is different depending on the combination of matrix and precipitate phases. The orientation relationship changes by the rotation around the [001] m //[001] p axis (subscripts 'm' and 'p' represent matrix and precipitate phases, respectively). In the cube-cube relationship between VC (or TiC) and austenite and the cube-on-edge relationship between MnS and austenite, the atomic sites of two lattices maintain one-to-one correspondence.
When the lattice correspondence between two phases is given, the misfit strain can be estimated using the O-lattice model. 18) In this model, the unit vectors of precipitate lattice X (2) can be related to the unit vectors of matrix lattice X (1) by the following equation; Table 5 . Orientation relationship between the intragranular ferrite and its neighboring martensite laths determined by TEM-CBKD analysis with the corresponding ferrite/V(C, N) orientation relationship ('large' means that the deviation is larger than 10 degrees).
where A is the transformation matrix. Figure 12 is the det | IϪA Ϫ1 | value, which is a parameter representing the misfit between two crystals, calculated for the various lattice parameter ratio r (a p /a m ) between the matrix phase (denoted as m: ferrite or austenite) and B1-type precipitates (denoted as p). 12) Each curve represents the calculated value for the cube-cube (one-to-one), cube-on-edge and cube-cube (one-to-two) correspondences on the (001) m // (001) p interphase boundary. The lattice correspondence with the smallest det | IϪA Ϫ1 | value, i.e., the smallest misfit strain, should be preferred. In fact, the observed orientation relationships between the B1-type precipitates and the austenite coincide well to the predicted ones. The strain between B1-type precipitates and ferrite are also plotted in Fig. 12 . Each of the B-N (cube-on-edge) orientation relationship between MC (MϭV or Ti) and ferrite, and the cube-cube orientation relationship between MnS and ferrite 19) represents the smallest strain for the appropriate lattice parameter ratio. Thus, it is reasonable to say that the misfit strain significantly affects the crystallography of B1-type precipitates in steel.
For the facetted plane observed for B1-type precipitate, it is thought that interphase boundary energy plays an important role. The equilibrium shape of precipitate can be determined by minimization of total interfacial energy when strain is accommodated. Turnbull 20) proposed that the total energy of a semi-coherent interface is approximately the sum of chemical component (originated from the difference of chemical bonding between the matrix) and the structural component (originated from the self and interaction energy of misfit dislocations). Aaronson and his co-workers 21, 22) concluded that the ͕111͖ fcc interface has the lowest chemical interfacial energy in the calculation of the coherent fcc/fcc interphase boundary energy by a discrete lattice model. Recently, the discrete lattice model was extended for the calculation of the chemical interphase boundary energy between a B1-type precipitate and its fcc matrix which are related to each other with cube-cube orientation relationship.
23) The lowest energy facet was found to be ͕001͖ g //͕001͖ p . Spanos 24) attempted to calculate the structural component for fcc/fcc interphase boundaries with various boundary orientations. He found that two major cusps exist for ͕001͖ fcc and ͕111͖ fcc in the G-plot and the lowest boundary energy is obtained for ͕001͖ fcc (although the anisotropy of boundary energy is small, i.e., E͕111͖ fcc / E͕001͖ fcc ϭ1.06). Since the arrangement of substitutional atoms in V(C, N) are the same as fcc, the misfit dislocation structure on the V(C, N)/austenite interphase boundary with the cube-cube relationship is analogous to the fcc/fcc boundary. Therefore, the facet orientation of the lowest boundary energy should be ͕001͖ g //͕001͖ p even after the structural component was taken into account.
However, the present authors showed that VC or TiC exhibit ͕111͖ g facets in the early stage of aging 14) and the ͕001͖ g facets appeared after the prolonged aging. 17) Thus, the ͕111͖ g facets seem to be favored over the ͕001͖ g facets because of some kinetic reasons. One possible reason is that it has the highest density of near coincidence sites because of its close packed nature. The mobility of coincidence boundary should be smaller than that of disordered boundary under the circumstance without a dragging effect by segregating impurities, resulting in the development of large facets for such boundary orientations. It should be noted that some HREM works on the atomic structure of the ͕222͖MgO/Cu interfaces produced by internal oxidation [25] [26] [27] [28] [29] demonstrated that MgO precipitates are octahedral shaped, with faceting on ͕222͖ planes of the oxide, and have a cube-on-cube orientation relationship with the metal matrix. At such a heterophase boundary, some solute segregation was reported, 28) which might affect the stability of the ͕111͖ facets. However, further investigation is necessary to clarify this point.
For MnS in the austenite, the (001) g //(001) MnS broad face has a small misfit strain (ϳ2.7 %) along any direction on it whereas the side facets has the large misfit (ϳ50 %) along It is considered that the ferrite/V(C, N) boundary is a superior nucleation site since good coherency (i.e., low structural component of boundary energy) across the (001) a //(001) p interphase boundary is obtained with the B-N orientation relationship.
2) In a recent calculation of the ferrite/precipitate interphase boundary energy by the discrete lattice model, the (001) a //(001) V(C, N) boundary are indeed of the lowest energy. 30) Since VC exhibits a planar morphology with the (001) a //(001) p facet in ferrite (lath martensite) experimentally, 31) it can be said that the anisotropy of interphase boundary energy is a major factor to determine the morphology and crystallography for B1-type alloy carbonitride in ferrite. Figure 13 schematically shows the crystallographic relationship between the idiomorphic ferrite, the MnSϩ V(C, N) complex precipitate and the austenite matrix deduced from the present observation. MnS are often formed on oxide particles contained as inclusions in austenite without a specific orientation relationship in the case that it is not dissolved into austenite by solution treatments. V(C, N), which usually holds a cube-cube orientation relationship (͗001͘ g //͗001͘ V(C, N) ) within austenite grains, does not exhibit any specific relationship with respect to austenite matrix when it precipitates on MnS. Thus, it can be said that the V(C, N)/austenite interphase boundary which acts as ferrite (mostly idiomorphic) nucleation sites has a less coherent structure. 2) reported. However, apparently non-specific orientation relationships were also observed in the other cases. For such cases, some kinds of near parallel relationships between low-indexed planes or directions are recognized. Because those low-energy ferrite/V(C, N) orientation relationships exist, the ferrite/austenite orientation relationship turns to be nonspecific.
Crystallography of Intragranular Ferrite Idiomorphs
A geometrical analysis predicts that the degree of coherency for irrational orientation relationships changes depending upon the boundary orientation in the fcc/bcc case.
32) The presence of irrational orientation relationships should result in the smaller anisotropy of ferrite/austenite interphase boundary energy and thus idiomorphic ferrite morphology. This result indicates that the formation of lowenergy ferrite/V(C, N) boundary is preferred than that of low-energy austenite/ferrite boundary. It should be emphasized that random orientation relationships between the matrix and the transformed product can be obtained by the nucleation at incoherent interphase boundaries.
Contrarily, for acicular ferrite, near K-S relationships were observed with respect to austenite. 6, 9) It indicates that the crystallographic constraint on acicular ferrite by the complex precipitate is weak probably because the driving force large enough to overcome the disadvantage in boundary energy balance is supplied. Since plastic accommodation occurs in austenite around the hard inclusion/precipitate with a smaller thermal expansion coefficient than austenite as was proposed, 33) acicular ferrite might nucleate on such dislocations rather than at precipitate/austenite interphase boundary. Ferrite nucleation on the dislocation is more favored than nucleation on the austenite/precipitate boundary since the contribution of volume strain energy is larger for the nucleation of smaller ferrite nucleus. Thus, constraint on ferrite/austenite crystallography by the V(C, N)/austenite boundary should be weaker at lower transformation temperatures as previously suggested. 5, 6) In the following, the relative potency of austenite/precipitate interphase boundary with respect to the dislocation in austenite is examined. When ferrite nucleates on dislocations, the stress field around the dislocation interacts with a nucleus of ferrite. For simplicity, it is assumed that the strain energy around the dislocation in austenite decreases in the volume transformed by following Cahn. 34) For the formation of a cylindrical embryo of radius r around a straight dislocation, the free energy change per unit length of the embryo is given as follows: where s ag : ferrite/austenite interphase boundary energy, DG v : the driving force for nucleation of ferrite, r: the distance from the dislocation line, r 0 : the radius of dislocation core. The constant A is given as follows; where m, b and n are the shear modulus, the magnitude of the Burgers vector and the Poisson's ratio of austenite, respectively. When the parameter a (ϭ2ADG v /s 2 ag )Ͻ1, the activation barrier for nucleation exists as the minimum free energy change for local bulging of a metastable cylindrical embryo. This barrier is given by numerically solving the following integration;
where, yϭr/r 1 , bϭ(1Ϫa) 1/2 r 1 represents the radius of cylindrical embryo given by (ѨDG/Ѩr)ϭ0) and the upper limit of integration, e, is given by q(e)ϭ1.
For the nucleation of the austenite/precipitate boundary, the formation of a classical spherical cap nucleus on the planar boundary was assumed. In such a case, the activation energy for nucleation is described as follows; where cosqϭ(s gp Ϫs ap )/s ag and s gp , s ap are the austenite/precipitate and ferrite/precipitate interphase boundary energies, respectively. Figure 14 shows the ratio of the activation energies for the nucleation on a screw-dislocation and for the nucleation on the austenite/precipitate boundary. Paraferrite transformation was assumed to calculate the driving force in an Fe-2Mn-0.2C alloy of which A e3 temperature is 1 026 K since it was confirmed that there is no partitioning for Mn between ferrite and austenite by EPMA analysis.
5) The thermodynamic model and parameters proposed by Uhrenius 35) were used for the calculation of driving forces. The activation energy for nucleation on the precipitate is lower for a high temperature but higher than that on the dislocation at large undercooling. Local density of strain energy around the dislocations increases as approaching toward to the dislocation line. Thus, the strain energy per unit volume transformed which assists the nucleation is larger for a smaller nucleus formed in the condition of large undercooling. Because of this, it is considered that the nucleation of acicular ferrite on the dislocation introduced around the inclusion/precipitate becomes more active as transformation temperature drops, resulting in the morphological transition 
